The effect of transition metals Nb and Ta on the glass-forming ability of Ni 75 Si 8 B 17 was examined. New Ni-Si-B-M (M = Nb, Ta) glassy alloys with high Ni contents above 70 at% were found to exhibit a glass transition before crystallization. The glass transition temperature (T g ) increases continuously with increasing Nb or Ta content. The supercooled liquid region (ÁT x ð¼ T x À T g Þ) and reduced glass transition temperature (T g =T l ) are 30 K and 0.59, for (Ni 0:75 Si 0:08 B 0:17 ) 96 Nb 4 and 35 K and 0.61, for (Ni 0:75 Si 0:08 B 0:17 ) 96 Ta 4 , respectively. These two glassy alloys exhibit high fracture strength and good bend ductility. The maximum fracture strength of the Ni-Si-B-Nb and Ni-Si-B-Ta alloys is 2510 and 2730 MPa, respectively. All the samples can be folded through an angle of 180 degrees without fracture. The use of the glassy-type (Ni 0:75 Si 0:08 B 0:17 ) 96 Ta 4 alloy enabled us to form a glassy alloy rod with a diameter of 0.5 mm by the copper mold casting method. The combination of the new alloy composition, high glass-forming ability and good mechanical properties of the Ni-based glassy alloys indicates that the new bulk glassy alloy may be used as a new type of engineering material.
Introduction
Since the discoveries of a new series of bulk glassy alloys with a large supercooled liquid region before crystallization in Mg-, 1) Ln- 2) and Zr- 3) based systems for years between 1988 and 1990, research subjects on amorphous alloys have been dramatically changed. This is attributed to the breakthrough point that these new glassy alloys have critical cooling rates of several orders smaller than those for the other simple metal and transition metal-based amorphous alloys. [4] [5] [6] [7] Subsequently, a number of bulk glassy alloys have been synthesized in various alloy systems including Fe-, 8) Co-, 9) Ni- 10) and based alloys. The lowest critical cooling rate for glass formation reaches as low as 0.03 K/s 12) and the largest thickness for glass formation is as large as 80 mm. 13) Among these bulk glassy alloy systems, one of the most important alloy groups can be regarded as a ferrous alloy group exhibiting good soft magnetic properties and good mechanical properties. However, Fe, Co and Ni contents are not always high because of the necessity of a large amount of glass-forming elements such as Ga, Si, Al, P, C and B. The resulting bulk glassy ferrous alloys exhibit reduced magnetic and mechanical properties. Based on the component rules for stabilization of supercooled metallic liquid, [4] [5] [6] the addition of a small amount of Zr or Nb element was recently found to improve glass-forming ability of the conventional Fe-Si-B and Co-Fe-Si-B amorphous alloys. We have developed Fe-Si-B-Nb, Fe-Si-B-Zr and Co-FeSi-B-Nb bulk glassy alloys with high saturation magnetization and good soft magnetic properties. [14] [15] [16] It has been reported that the Ni-Si-B amorphous alloys exhibit good mechanical properties and high corrosion resistance. 17) However, the sample form has been limited to wire and ribbon because of the necessity of special rapid solidification techniques, such as in-rotating-water spinning, melt extraction and melt spinning. 18, 19) This paper intends to present the composition, thermal stability and mechanical properties of Ni-Si-B-based glassy alloys.
Experimental Procedure
Quaternary alloys with compositions of (Ni 0:75 Si 0:08 B 0:17 ) 100ÀX M X (M = Nb, Ta) were examined in the present study because the largest ribbon thickness of amorphous alloys in Ni-Si-B system was obtained at the metalloid composition of 8 at% Si and 17 at% B.
20 ) The alloy ingots were prepared by arc melting a mixture of pure Ni, Nb and Ta metals, and pure Si and B crystals in an argon atmosphere. The compositions are given in nominal atomic percentage. From the alloy ingots, rapidly solidified alloy ribbons with the sizes of 1 mm in width and 0.02 mm in thickness were prepared by the melt spinning method. Bulk alloys in a rod form with a length of 40 mm and diameters of 0.5 and 1 mm were prepared by the copper mold casting method. The amorphous phase of the samples was identified by X-ray diffractometry with Cu-K radiation. Thermal stability associated with glass transition, supercooled liquid and crystallization temperature was examined by differential scanning calorimetry (DSC) at a heating rate of 0.67 K/s. The melting (T m ) and liquidus (T l ) temperatures were measured by differential thermal analysis (DTA) at heating and cooling rates of 0.33 and 0.033 K/s, respectively. Tensile fracture strength was measured at a strain rate of 4:2 Â 10 À4 s À1 with an Instron testing machine. Vickers hardness was measured with a Vickers microhardness tester under a load of 0.98 N.
Results
We confirmed the formation of an amorphous phase without crystallinity in the melt-spun (Ni 0:75 Si 0:08 B 0:17 ) 100ÀX M X (M = Nb, Ta; X ¼ 0, 2, 4 and 6 at%) alloy ribbons by X-ray diffraction. Figures 1 and 2 show DSC curves of the (Ni 0:75 Si 0:08 B 0:17 ) 100ÀX M X (M = Nb, Ta; X ¼ 0, 2, 4 and 6 at%) amorphous alloys, respectively. No glass transition is observed for the Ni 75 Si 8 B 17 amorphous alloy. However, the Nb-and Ta-containing alloys show the segment change of the glass transition, followed by a supercooled liquid region and then crystallization. The glass transition temperature (T g ) and crystallization temperature (T x ) increase continuously with increasing Nb or Ta content. The temperature interval of the supercooled liquid region (ÁT x ), which is defined by the difference between T g and T x , is about 30 K for (Ni 0:75 Si 0:08 B 0:17 ) 96 Nb 4 , and 35 K for (Ni 0:75 Si 0:08 B 0:17 ) 96 Ta 4 . It is also recognized that the crystallization process changes from a single stage for the Ni 75 Si 8 B 17 alloy to two stages for the 4 at% Nb-and 6 at% Nb-containing alloys, while the 4 at% Ta-and 6 at% Tacontaining alloys appear to keep nearly a single stage crystallization behavior, though a weak second peak is observed.
The glassy alloy ribbons have good bend ductility and can be folded through 180 degrees without fracture. Changes of Vickers hardness (Hv) and tensile fracture strength ( f ) with Nb or Ta content are shown in Fig. 3 . The data of the Ni 75 Si 8 B 17 amorphous alloy are also shown for comparison. It is seen that the Hv increases continuously with an increase of Nb or Ta content, but the f increases with increasing Nb or Ta to 4 at%, and then begins to decrease slowly with a further increase of Nb or Ta content. 
Discussion
We discuss the reason for the effectiveness of Nb or Ta addition on the glass-forming ability of Ni-Si-B alloys. We have proposed the three component rules [4] [5] [6] leading to the formation of bulk glassy alloys through an extension of supercooled liquid region. That is, all bulk glassy alloys have the following features, i.e., (1) multi-component consisting of more than three elements, (2) significant atomic size mismatches above 12% among the main three elements, and (3) negative heats of mixing among the main elements. It is important to point out that the addition of Nb or Ta to Ni 75 Si 8 B 17 alloy causes the satisfaction of the three component rules. That is, the atomic ratio is 14.4% for Nb(Ta)/Ni, 59% for Nb(Ta)/B, and 22% for Nb(Ta)/Si, where the two constituent elements of Nb and Ta have the same atomic radius.
21) The heats of mixing for Nb-Ni, Nb-B and Nb-Si pairs are À30, À9 and À23 kJ/mol, 22) and the heats of mixing for Ta-Ni, Ta-B and Ta-Si pairs are À29, À39, and À39, 22) respectively. It has been reported that the glassy alloys with the three component rules can have a unique glassy structure with a higher degree of dense random packed atomic configurations, new local atomic configurations and longrange attractive interactions. [4] [5] [6] Accordingly, in the alloy liquid with the structural features, the atomic mobility is reduced, leading to an increase in viscosity and T g as well as a suppression of atomic rearrangement for the progress of crystallization reaction. It is thus considered that the improvement of the glass-forming ability by the addition of Nb or Ta to Ni-Si-B amorphous alloy is attributed to the above-described structural change. It is also found that the heats of mixing for the Ta-Ni, Ta-B and Ta-Si pairs are larger than those of the Nb-Ni, Nb-B and Nb-Si pairs. This means that the bonding forces of the Ni-Si-B-Ta alloys are One can also see that the Hv and f increase continuously with an increase of Nb or Ta content to 4 at%, which is consistent with the changes of T g and T l with Nb or Ta content. Considering the previous concept that the T g and T l of the glassy alloys reflect the bonding forces among the constituent elements, 23, 24) it is concluded that the high Hv and f of the new Ni-based glassy alloys originate from the strong bonding nature among the constituent elements. It is also recognized that the tensile fracture strength decreases slightly with a further increase in Nb or Ta content. The reason is presumably due to the precipitation of a small amount of fcc-Ni(Nb or Ta) phase. 25) 
Summary
We have examined the effect of Nb or Ta addition on the glass-forming ability of the Ni 75 Si 8 B 17 alloy because the three component rules for achievement of bulk glass formation and stabilization of supercooled liquid are satisfied for the Ni-Si-B-Nb and Ni-Si-B-Ta alloys. The results obtained are summarized as follows.
(1) No glass transition was observed at 0 at% Nb or Ta, but the addition of Nb or Ta caused the appearance of T g . The ÁT x and T g =T l are 30 K and 0.59, respectively, for the 4 at% Nb-containing alloy, and 35 K and 0.61, respectively, for the 4 at% Ta-containing alloy. The stability of supercooled liquid against crystallization as well as the glass-forming ability for the Ta-containing glassy alloy is larger than those of the Nb-containing alloy. (2) The Ni-Si-B-based glassy alloys containing Nb or Ta content of 4 at% exhibit high fracture strength of 2510 and 2730 MPa, respectively. They also exhibit good bend ductility and can be folded through 180 degrees without fracture. (3) A bulk glassy alloy rod of 0.5 mm in diameter was formed by the addition of 4 at% Ta. The success of synthesizing a glassy alloy rod with good mechanical properties in high Ni content range above 70 at% in the simple Ni-Si-B-Ta system is important for future development of Ni-based bulk glassy alloys.
